The elastic and petrophysical properties of the fluvial rocks of the Miocene in the western basin of the Gulf of Thailand display typical signatures of dispersed-clay sandstones and dispersed-quartz shales. That is, the relationships between various properties exhibit two strong trends associated with a grain-supported domain and a matrix-supported domain. The minimum porosity and maximum P-velocity occur at the transition between these domains at a clay volume of approximately 40-50%. This means that the hardest rocks occur at this transition. A simple rock-physics model has been developed that quantifies the elastic properties over a large depth range but does not explicitly account for the dispersed nature of the clay and quartz. It employs a single aspect ratio at each depth within an inclusion-based modeling scheme. The required aspect ratio at each depth can be estimated from the depth, the porosity, and the clay volume of the rock.
Introduction
The elastic velocities of rocks are dependent not only on the types of minerals and fluids present and their elastic properties but also on the distribution of the minerals and fluids within the rock. Laboratory observations on real and synthetic rocks and theoretical modeling suggest that it is important to consider the distribution of any clays within a sandstone when trying to interpret elastic measurements. If clay is located between quartz grains, the stiffness of the sandstone may decrease because quartz-clay contacts can be weaker than quartz-quartz contacts. This style of clay distribution is often referred to as structural or interstitial clay (Minear, 1982) . The reduction in elastic velocities of sandstones with increasing clay content was observed by Han et al. (1986) , for example.
The presence of clay in thin laminations of shale within a sandstone also can reduce the elastic velocities perpendicular to the laminations, compared to a clean sandstone, depending on the relative properties of the clean sandstone and shale laminae. On the other hand, an experiment by Marion et al. (1992) on synthetic rocks indicated that if clay occupies part of the pore space and is not located between the grain contacts, the elastic velocities will increase with increasing clay content up to a limit where all the pore space is occupied by wet clay instead of fluid. This style of clay distribution is referred to as dispersed clay by Marion et al. (1992) but is also sometimes termed pore-lining clay.
The distribution of clay also can have an impact on the reservoir properties of the sandstones. Dispersed clays, occupying the pore space, have higher water wetness than quartz; hence, even a small quantity of dispersed clay can reduce the permeability of a reservoir (Pallat et al., 1984; Hurst and Di Liu and Mark SaMS, Ikon Science Asia Pacific roger White, Salamander Energy Nadeau, 1995) . It is therefore important to understand the relationship between the topological distribution of clay in sandstones and the elastic and petrophysical properties of those sandstones. Sams and Andrea (2001) investigate numerical models for sandstones with different clay distributions. The results of their study indicate that the clay distribution can significantly influence the relationship between P-velocity, S-velocity, porosity, and clay volume. Sams and Andrea (2001) suggest that the distribution of clay must be taken into account when modeling shaley sandstones. However, more recently, Sams and Focht (2013) show for a sand-shale sequence that a simple inclusion-based rock-physics model could accurately quantify the elastic properties of the rocks based on total porosity and volume of clay, without any reference to the type of clay (illite, kaolinite, smectite, and so forth) or its distribution within the rock. The model required only a single aspect ratio for the total porosity at each depth.
It is also true that the distribution of minerals and fluids can have a strong influence on the elastic velocities of shales. For example, it has been shown how the orientation of clay platelets can influence the elastic properties of shales (e.g., Hornby et al., 1994; Sams and Andrea, 2001 ). The experiment of Marion et al. (1992) also included synthetic shales. Their observations suggest that for their synthetic shales, quartz grains could be considered as being dispersed within a clay matrix. Thus, they consider the sand to have dispersed clay and the shale to have dispersed quartz.
In this article, data from the western basin of the Gulf of Thailand will be examined. The presence of a dispersed-clay sandstone and dispersed-quartz shale system consistent with the model of Marion et al. (1992) will be verified. Elastic velocities of rocks will be quantified using a simple inclusion-based rock-physics model employing a single aspect ratio for the total porosity at each depth. The method for establishing the relationship between the aspect ratio and petrophysical properties and the variation with depth resulting from compaction will be highlighted.
Geology
The data for this study come from the western basin of the Gulf of Thailand. A number of wells have been drilled in this basin encountering sedimentary rocks from the Oligocene to the Miocene lying on the Ratburi Limestone basement. Rocks of the Oligocene to Early Miocene are represented by lacustrine deposits and are not part of this study. Rocks of interest are from the fluvialdeltaic of the Early Miocene to recent. These rocks comprise a sequence of sandstones, siltstones, and shales with limestone stringers. There are several stratigraphic sequences within this interval, in each of which there is a general coarsening upward from basal shale to potential reservoir.
Within the interval of interest, well logs and their initial interpretation in terms of porosity and clay volume show distributions and relationships that are consistent with the dispersed-clay sand and dispersed-quartz shale model presented by Marion et al. (1992) . In the experiment of Marion et al. (1992) , various ratios of quartz and dry clay were mixed prior to introducing brine. The volume of clay they present was the weight fraction of dry clay prior to including brine. In the following analysis, in an attempt to be consistent with this description, the volume of clay is defined as the volume fraction of dry clay, and porosity is the total porosity. That is, Volume of clay = volume of dry clay / (volume of dry clay + volume of quartz) and Volume of dry clay + volume of quartz + total porosity = 1.
This definition can cause some confusion because when discussing clays in rocks, the term generally refers to wet clay and not dry clay. In the following descriptions, this confusion is addressed by referring to wet clay when required for
In the Early Miocene, the major fluvial deposition was from the north-northwest, carrying clastic input and filling the basin. At this stage, a series of channel belts of sandstone with interbedded claystones and limestone stringers were deposited. In the Middle Miocene, amalgamated channel sandstones were deposited with calcareous stringers and minor thin claystones. The main reservoirs in this region are from this period, typically composed of massive crossbedded and ripple-laminated sandstones with moderately sorted grains, bioturbation, and rootlets. Late Miocene deposition consists of alluvial floodplain with ribbon channels and mangrove swamps.
Data
All of the wells available for this study have complete suites of well logs including both P-and S-sonic logs. Well W1 was chosen as the key well for analysis because it is a vertical well, whereas the others are deviated, and therefore, it avoids the complication of any anisotropy. W1 is an oil well, which complicates the analysis. However, the oil interval, with a thickness of approximately 30 m, is relatively small compared with the interval of interest, which covers about 800 m. clarification, and the terms clay volume and volume of clay are interchangeable and have the above definition.
A number of crossplots are shown in Figure 1 . These all display the characteristic V-shaped structure predicted by the model of Marion et al. (1992) . The two arms of the V shape represent the domains where the rock are grain supported and matrix supported. In the grain-supported domain, the pore space between the grains is occupied by fluids and/or dispersed clay. The higher the dispersed clay content, the lower the fluid content. That is, quartz pore fluids are replaced by wet clay. Therefore, as clay volume increases, the total porosity decreases until all the potential pore space is occupied by wet clay and the total porosity reaches a minimum, but not zero. Because wet clay has higher density, higher P-velocity, and lower neutron porosity than brine on its own, the density and P-velocity of the rock will increase and the neutron porosity of the rock will decrease.
In the other arm of the V, the rock is matrix supported. These rocks are shales. Here, according to the model of Marion et al. (1992) , the rocks are represented by a matrix of wet clay with grains of quartz floating (dispersed) in the matrix. An alternative explanation is that this arm represents laminations of pure shale and dirty sand (e.g., Dejtrakulwong et al., 2009 ). This does not affect the following analysis or the proposed modeling because the distribution of quartz, clay, and fluids will be ignored. These shales will be termed dispersed-quartz shales in this article. Within this arm, quartz concentration tends to zero, although it is unusual for shales to contain no quartz. However, throughout this portion, the total porosity comes entirely from the wet clay. So here, as the clay volume increases, quartz is being replaced by wet clay. As wet clay has higher neutron porosity but in general lower density and Pvelocity than quartz grains, when clay volume increases, the density and P-velocity of the rock will decrease, and the total porosity and neutron porosity of the rock will increase.
The model of Marion et al. (1992) adds a small complication to this simple model by suggesting that as the clay volume increases in the grain-supported arm, some of the clay might not be dispersed and might push some of the quartz grains apart and therefore act as structural clay. This behavior would tend to remove the sharpness of the transition between the two domains. The initial model of Marion et al. (1992) suggests that this could move the transition between the two domains from about 30% clay volume to about 40% clay volume based on the assumption that the potential pore space was originally about 30%. It is interesting to note that in the data under study, the transition between the two domains occurs close to 40-50% clay volume, and for the depth range displayed in Figure 1 , the porosity of the clean sands is about 33%. However, it should be noted that the porosity is observed to decrease with depth, and the experiments of Marion et al. (1992) indicate that the transition point increased in terms of clay volume as compaction increased.
The crossplots show typical dispersed clay trends within the grain-supported arm, but there are also indications that other types of clay distribution are present. For example, in Figure  1d , there is a group of points with high neutron porosity (about 0.35) but low density (about 2.1 g/c 3 ) and low clay volume (< 0.2). These points indicate structural clay and can clearly be seen to sit off-trend in the other plots as well. Marion et al. (1992) measure the effect of clay volume on the S-velocity of their rocks and find that there is also a rough V shape to the variation with clay volume, with a maximum value of S-velocity at approximately 40% clay volume. However, they do not show the calculations for the V P /V S or Poisson's ratio. To assess the relationship between V P /V S and clay volume in the current study data, it is necessary to look at limited-depth intervals to remove the overprint of compaction. The relationships for two depth intervals are shown in Figure 2 , 600-700 m and 1200-1300 m. What is observed is that the V P /V S ratio remains constant or even potentially decreases as clay volume increases from zero to about 40% clay volume and then rises rapidly thereafter. A usual expectation is that V P /V S will increase as clay volume increases. This happens and is clearly comprehensible in the matrix-supported domain, where the volume of quartz, with a low V P /V S relative to the volume of wet clay, with a higher V P /V S , is decreasing.
However, the situation in the grain-supported domain cannot be explained quite so readily. If it is assumed that the clay is in suspension within the pore fluids, then the presence of clay would not affect the S-velocity but would increase the P-velocity of the rock, thereby increasing the V P /V S ratio of the rock. Somehow, the presence of dispersed clay increases the S-velocity as well as the P-velocity of the rock, but in such a manner as to leave the V P /V S of the rock relatively unchanged. Whatever the reason, it is clearly of importance for understanding the link between petrophysical properties and seismic amplitudes that the cleanest rocks do not necessarily exhibit the lowest V P /V S ratios. Xu and White (1995) introduce a sand shale model that could qualitatively explain the variation of velocity with porosity as presented by Marion et al. (1992) . Xu and White (1995) use a differential effective-medium model in which the aspect ratios of pores associated with clay and quartz were not the same. Sams and Focht (2013) , following the work of Yan et al. (2008) , show with measurements how the Xu and White (1995) approach could be adopted to use a single aspect ratio for all the pore space to explain the elastic properties of a sand shale sequence. In that case, different model parameters were applied to a thick sand channel with dispersed clay compared to the sand shale sequence above and below. The approach of Yan et al. (2008) is applied to the rocks in the current study to determine whether it is possible to model elastic properties using a single aspect ratio without explicitly taking into account the distribution of the clay and quartz and whether the effective aspect ratio can be determined from the petrophysical analysis of well logs.
Rock-physics modeling
A simple model is assumed whereby the quartz and clay mineral elastic properties are fixed over a long vertical interval, and the rock is assumed to be isotropic. The properties of quartz are assumed to be known, and the properties of the fluids in the rock can be estimated with knowledge of fluid salinity, temperature, and pressure at any depth (Batzle and Wang, 1992) . These parameters are known for the fluids in the present study. The main unknowns are the elastic properties to assign to the assumed isotropic clay. The procedure as explained below is to adjust the clay properties until a single aspect ratio can explain both the P-and S-velocities. If indeed that is possible, then the variation of aspect ratio is examined with respect to other properties.
Prior to running any rock-physics model, it is important to ensure that the petrophysical parameters used are of high quality and consistent between wells and with the process to be applied in the rock-physics modeling. The rock-physics model to be applied requires the volume of dry clay and the total porosity (the presence of limestone stringers is ignored for the time being). Volumes of dry clay and total porosity were determined from a combination of neutron-porosity and density logs. The main unknowns in these estimates are the properties of dry clay. Fluid density is consistent with the values used in the rock-physics stage as determined from measurements of salinity, temperature, and pressure. The properties assigned to the clay for the calculations were adjusted to ensure that the porosity calculations were matched to core porosity results. It should be noted that the final volumetric estimates were not entirely consistent with the estimates of clay volume derived from analysis of the gamma-ray log. Ultimately, the neutrondensity results were selected for several reasons: (1) Both sets of results were taken through the rock-physics modeling and the neutron-density clay-volume estimates resulted in the more consistent models; (2) the hole conditions are good, ensuring the high quality of these logs; (3) the neutron-density results were more consistent with a PEF log; (4) the known presence of mica and feldspar provided a reason why the gamma-ray log might not be indicative of clay volume.
Elastic properties of quartz are assigned typical values (Pvelocity = 6000 m/s, S-velocity = 4000 m/s, ρ = 2.65 g/cm 3 ). Clay density used for the neutron-density calculation was used for the rock-physics modeling. P-and S-velocities of the clay are unknown and must be adjusted to fit the data. The shaliest of the shales were selected by applying a clay-volume cutoff of 80%. A series of models was constructed using different values for clay properties and aspect ratio. Shale is modeled to consist of clay and quartz and pores with a single aspect ratio. Solid properties are mixed using the Voigt-Reuss-Hill mixing algorithm (Hill, 1963) . Pores are added as ellipsoidal inclusions using the self-consistent method (e.g., Berryman, 1980) and the fluids introduced using Gassmann's equations (Gassmann, 1951) . The resulting P-and S-velocities can be crossplotted and compared to the measured values. After trial and error, the values for the clay were selected (Table 1 ). Figure 3 shows the fit between the results from the selected model and the measurements with a clay volume cutoff (> 80%).
These clay properties were then used with the same modeling approach to estimate optimal aspect ratios from the measurements. One prerequisite of the modeling as a whole is that a single aspect ratio can be used to quantify both the P-and S-velocities of the rocks. With the given petrophysical parameters and the measured P-and S-velocities, it is possible to estimate an aspect ratio that will quantify these velocities individually perfectly. Figure 4 displays a crossplot between aspect ratios derived from the P-velocity log and those derived from the S-velocity log. Despite the scatter, partially caused by ignoring hydrocarbons and calcite stringers, there is a good correspondence between the two sets.
Having established that using a model with a single aspect ratio provides reliable calculations for both P-and S-velocities, the next step is to establish a relationship between aspect ratios and petrophysical properties. The approach was to start by examining the variation of aspect ratio with total porosity. A crossplot of aspect ratio from S-velocity versus total porosity showed a significant amount of scatter ( Figure 5 ), but when color-coded by depth, it revealed that there was a linear relationship for each depth. It is not surprising that as the rocks become compacted and lose porosity, grain contacts become stronger, and the effective aspect ratio increases. Although it might not be expected that this effect is linear with depth, a linear approximation is made that reduces the crossplot to a simple relationship between aspect ratio and the transformed porosity. This transform adjusts the porosity through the following equation:
where Φ(transform) is the transformed porosity; Φ(in situ) is the calculated porosity from the neutron-density analysis; and h is depth (TVD subsea). It should be noted that this process does not imply that the porosity has been corrected to what would have been observed when the rocks were at a depth of 500 m. The transformed porosity is not a real porosity but just a means to estimate the effective aspect ratio variation with depth. Aspect ratio is plotted against transformed porosity in Figure 6 . Based on the relationship observed in Figure 6 , a linear regression between aspect ratio and transformed porosity was established, given by
Using equations 1 and 2, a log curve of aspect ratio can be calculated. This can be used in combination with the actual porosity and volume of clay to quantify the Pand S-velocities for comparison to measurements. The calculated velocities were assessed by crossplotting against measured velocities. Although there was a good agreement, there appeared to be some systematic variations related to the volume of clay. These errors were highlighted by comparing the differences between modeling results and measurements against the volume of clay (Figure 7) . The systematic errors are of a similar nature for both P-and S-velocities.
The nature of the systematic errors suggests that the aspect ratios required for accurate velocity calculation must include a term for clay content. It is interesting to note that the nature of this correction is different for the two support domains. By binning the data based on clay volume, a correction term for the aspect ratio could be determined at intervals of every 10% of clay volume. Interpolation between the midpoints of these bins produced a function that could be applied to quantify with significantly reduced systematic errors both P-and Svelocities. Results of modeling by calculating the aspect ratio based on the depth, porosity, and clay volume are shown in Figure 8 . Crosscorrelations for P-velocity, S-velocity, and V P / V S ratio are R 2 = 0.90, 0.87, and 0.80, respectively.
Discussion
The model applied to calculate the P-and S-velocities of a large interval of a sand shale sequence is simple with many assumptions made. It is worth reviewing the assumptions and simplifications made:
• Rocks are composed of a mixture of quartz and clay whose intrinsic properties do not vary over a depth range of more than 800 m.
• Properties of the clay are isotropic.
• A single aspect ratio is applied to the total pore space within the rock.
• At any depth, this aspect ratio is a function of porosity and clay volume.
• The depth dependency of aspect ratio is linear for all porosities and clay volume.
R o c k p h y s i c s
The quantification power of this model is surprising given the assumptions and the simplicity. There is a suggestion in Figure 7 that for the shaliest rocks, there remains a systematic variation with depth because the deepest rocks lie farther to the left on the plot. This may not be surprising, as it might not be expected that clean sands and shales compact at similar rates to provide a single relationship with depth for aspect ratio.
This model has been applied to eight other wells in the study area with good results. Because these other wells are deviated, the fit suggests that either there is no anisotropy in the shales or that the deviations are not sufficient to observe anisotropy. In one well, the model does not work. However, in this well, there are questions about the quality of the logs because borehole conditions are poor. Presence of similar dispersed clay rocks in the Gulf of Thailand is known, and it will be of significant interest to establish how predictive this particular model is in a wider geographic area.
It was earlier suggested that the V P /V S variation with volume of clay might show a slight decrease as the volume of clay increases from zero to about 40%. A comparison of the measured and modeled data is shown in Figure 9 . In the modeled data, there is no suggestion of decreasing V P /V S but more of a flat response, and the point at which V P /V S begins to increase is more consistent with the transition point of just before 40-50% volume of clay.
This comparison, along with the comparison of modeled and measured P-and S-velocity versus volume of clay ( Figure  10 ), indicates that the simple model captures the complex characteristics of the rock physics of this dispersed-clay sand and dispersed-quartz shale system. This is achieved by using an aspect ratio that varies with volume of clay as well as porosity and depth. It is also noticeable that the depth interval plotted in Figure 10 includes what was interpreted as a sandstone with possible structural clay distribution (points with P-velocity just above 2500 m/s and clay volume just above 0.1). Although no specific account has been taken of this sand, the modeling is acceptable. However, there is a suggestion that the P-velocity is overestimated and the S-velocity underestimated, indicating that the modeling scheme is not completely independent of the type of clay distribution.
Calculations are reliable, but there are still some errors. The impact of these errors can be assessed by synthesizing seismic angle gathers using the measured and modeled elastic logs and by comparing them. Figure 11 shows that comparison. The calculation of acoustic impedance is more accurate than the calculation of the V P /V S ratio. Therefore, the comparison of synthetic seismic from modeled and measured results is better for near angles than for far angles, although the differences are small.
Conclusion
Elastic and petrophysical properties of fluvial rocks of the Miocene in the western basin of the Gulf of Thailand display typical signatures of dispersed-clay sandstones and dispersed-quartz shales. The relationships are consistent with the model data of Marion et al. (1992) . The minimum porosity and maximum P-velocity occur at a clay volume of approximately 40-50%. This behavior indicates that the hardest rocks occur at the transition between grain-supported and matrix-supported domains. The V P /V S ratio seems to be independent of clay content within the grain-supported domain.
A simple model was introduced that accurately quantifies the elastic properties of the wet rocks, given knowledge of the depth, porosity, and clay volume. The simplicity of the model and its applicability to a long depth interval and potentially broad geographic area are attractive. It could be used to
• quality-control measured P-and S-sonic logs • quality-control petrophysical interpretations • quantify the range of possible seismic responses at any depth and hence identify anomalous amplitudes in seismic data • apply constraints in seismic inversion and interpretation of inversion results
This case study documents another example in which an inclusion-based modeling scheme employing a single aspect ratio at each depth can quantify the elastic properties of a sand shale sequence over a large vertical depth range. This is noteworthy by itself and is of increased interest here because the rocks display a strong signature of a dispersed-clay, dispersedquartz system, whereas the model does not explicitly take into account the distribution of quartz or clay.
